We consider a single vortex in a system of bosons trapped in socalled strictly 2D optical lattices. The system is treated in term of the Slave Boson representation for hard-core bosons which is valid in both dilute and dense limit. This model predicts almost the same result as the Gross-Pitaevskii approach using the same optical lattice model in the dilute limit PACS number(s): 03.75.Fi, 05.30Jp, 32.80.PJ
Introduction
The dilute limit of a Bose gas can be described quite satisfactorily by traditional approaches, such as the Gross-Pitaevskii(GP) approach, which takes into account only the binary inter-particle interactions. Indeed one of the primary motivation of the theory was the study of vortex states in weakly interacting bosons [1, 2, 3] . These studies were further developed by Fetter [4, 5] , in studying the effect of higher order interaction. However, it is intuitively obvious that as the density of particles in the Bose-Einstein condensate increases, the nature of interactions will become more and more complex, and one will need to take even three-body and higher order effects into account. Thus we need to go beyond the GP approach.
The slave-boson technique was introduced by Kotliar and Ruckenstein [6] , who used it to deal with the fermionic Hubbard model. A functional integral approach to the problem of hard-core bosons hopping on a lattice has been previously put forward by Ziegler [7] and Frésard [8] . Ziegler [7] has demonstrated that slave-Boson (SB) representation allows one to describe the dynamics of Bose gas taking into account three-body and higher effects at arbitrary densities. The advantage of using slave boson representation is by the fact that there are only two states per site in a hard-core system: a lattice site is either empty (represented by a complex field, e r ) or occupied by a single boson (represented by a complex field, b r ). A hopping process of a boson appears as an exchange of an empty site with singly occupied site.
In the present paper we constrain ourselves on the case of strictly 2D trapped Bose gas, where the scattering length has become larger than the axial thickness of the cloud. One peculiar behaviour of the strictly 2D limit is the fact that the T-matrix for two-body collisions in vacuo at low momenta and energy, which should be used to obtain the collisional coupling parameter to the lowest order in the particle density, vanishes [9, 10] . It is then necessary to evaluate the scattering processes between pairs of Bose particles by taking into account the presence of surrounding condensate particles [11, 12, 13, 14] . Since changing the geometry from 3D to 2D, changes the scattering processes, It would be interesting to compare the SB approach with GP approach using coupling strength described by the references above.
There has been a spurt of interest in understanding the behaviour of vorticity in a flat geometry of condensate (2D trapped Bose gas). Understading vortices in 2D is important since they are expected to play a role in the transition from superfluid to normal state [15] or more recently from superfluid to mott insulator [16, 17, 18] . More procuring is the fact that the phase transition from superfluid to mottinsulator occurs only at zero temperature [19] .This motivates us to include the vortex problem into our comparative study of the strictly 2D lattice model. The present work is an extension of the work by Ziegler [20] who used Thomas-Fermi approximation in for 3D geometry.
The paper is outlined as follows. In section 2 we describe the SB and GP approach of the optical lattice models. We present our results with and without vortex with a brief discussion in section 3.
The Slave Boson model
Following the theoretical framework described in reference [20] we write the partition function describing grand canonical ensembles of bosons in term of functional integral representation as :
where field λ r enforces the constraint e * r e r + b * r b r = 1 which guarantees that a site is either empty or singly occupied. The Slave Boson field e r and b r can be combined to form a collective field b * r e r → Φ r . Then the constraint field λ and the slave bosons fields can be integrated out which finally leads to the action for the collective field Φ. This was demonstrated in detail in [7, 20] . Here, we only present the results:
with the hopping("kinetic") term
(3) and the potential term
(4) where the mass enters into the hoping rate through τ = Σ x t x,x ′ < 0, which has the same energy scale as the chemical potential. We use a isotropic planar trap described by V r = (1/2)mr 2 ω 2 . The swave scattering length a is denoted by the lattice spacing constant of the optical lattices. The size of the spacing can be tuned as desired by varying the magnetic field of the interactions in the presence of Feshbach resonances.
The total density and the density of the condensate in the trap can be calculated again from the saddle-point approximation. In this work, we neglect the thermal fluctuations which is not important at zero temperatures for Bose-Einstein condensation to occurs in the system. However, if one needed to account for the thermal fluctuations, one could do so by studying the deviations around the saddle point in the functional integral of Eq.(2) [21] . That means, we have to look for solution Φ r which minimizes S b + S 1 . By doing so, we will obtain a generalization of non-linear Schrödinger equation which include the slave boson term as following [20] ,
where α = 1 − τ . The term ∂S 1 ∂Φ * r contains higher-order interaction (three-body interactions, etc.) which are important for the dense regime.
However if we expand S 1 in powers of |Φ r | 2 up to second order, S 1 = a 1 |Φ r | 2 + a 2 |Φ r | 4 + o(|Φ| 5 ) can be compared with the potential of dimensionless GP energy. The density of the condensate can be evaluated using the saddle point approximation of the action S GP ( which is S b + S 1 ) [22, 3] :
By replacing the hoping term Σ r,r ′ Φ r t r,r ′ Φ * r ′ by the continuum approximation Φ r τ [1 + ( 1 6a 2 )∇ 2 ]Φ * r and the sum by a formal integral, we obtain the non-linear Schrödinger or GP equation [20] :
But in this work we use g 2D , th coupling strength obtained using T matrix calculation for 2D bose gas [11, 13, 14] which reads:
Now we re-define the wave function as Φ(x) = φ(x) exp(iκθ) where κ is the quantum number of circulation and θ is the phase factor. For the vortex case we assign κ to be 1 while zero for non-vortex case. Using the substituition Φ(x) = φ(x)
x in the cylindrical coordinate representation and transforming everything into dimensionless units (x = r/a ho where a ho = (h mω ho ) 1/2 τ ′ = τ /(hω)) yields:
and the GP equation :
(10) where the rescaled coupling parameter is
Eq.(9) and (10) are solved numerically for both vortex and nonvortex cases. The results are depicted in Figs. (1) and (2) .
Results and discussion
For a numerical illustration, we have taken the radial trap frequency, and the scattering length as appropriate for 5000 23 Na atoms in the experiment of Görlitz et al. [23] (ω = 188.4 Hz, a = 2.8 nm). Whereas in their experiment collisions are in 3D regime, we focus on a strictly 2D regime that could be reached experimentally by increasing either the trap anisotropy parameter or the scattering length.
In Fig. 1 we compare the density profiles obtained by the GP model which depends on the coupling parameters g 2D (solid line) with that of SB model (dashed line) which take into account higher order interaction through the term ∂S 1 ∂Φ * r .We stress here that the discrepancy observed between the two model far from the center of trap is not because of the higher order interaction but due to numerical artefact.
In the presence of vortex, atoms on the particular quantized state will be revolving around the axis of rotation (z-axis) with a tangential velocity v =h κ mr , where κ is the quantum number of circulation. In other word, each atom on a particular vortex state has an angular momentum L z = κh in the z direction. The centrifugal term due to the velocity flow that pushes the atom away from z axis, causes the solution ( with κ=1) at the centre of trap vanishes. This criteria is used as one of the initial condition to solve numerically Eqs.(9 and 10). The region where the density is depleted, close to the vortex line, is called vortex core. In a stationary state, its radius is of the order of the healing length, fixed by the balance between the meanfield energy and the kinetic energy associated with the gradient of the density (quantum pressure) [24] . The argument for Fig. (2) is similar to that of Fig. (1) .
In conclusion, we have shown that the use of g 2D in the lower dimensional GP approach [11, 13, 14 ] is a good model in the dilute regime. However, the SB approach would be more appropriate to be used in a denser limits ( e.g. 5 × 10 5 atoms) in which more complex interaction need to be considered. Our next direction would be to study the role of higher order interaction and vorticity in inducing Superfluid-Mott insulator transition in a dense 2D Bose system. Fig.1 
